Introduction
The evolutionary divergence of genes regulating the temporal and spatial expressions of other genes may have more of an impact on the speciation process and subsequent adaptive differences among species than do the divergence of the structural genes and the products they encode (Zuckerkandl 1963; Zuckerkandl and Pauling 1965; Britten and Davidson 1969; Ohno 1970; Wilson et al. 1974; Marker-t et al. 1975; Wilson 1976; McDonald and Ayala 1978; Philipp et al. 1979; Whitt 198 la, 198 1 b; Philipp et al. 1983) . Although the divergence of regulatory genes between distantly related species can be detected by differences in their schedules of gene expression during development (Philipp and Whitt 1977;  2 18 Parker, Philipp, and Whitt Whitt 198 la) , the developmental differences among closely related species are often rather small.
A sensitive way of detecting regulatory gene divergence among relatively closely related species is to study the developmental schedules of gene expression in interspecific F, hybrids. Species that possess essentially identical developmental schedules and morphologies may, however, be sufficiently different mutationally that genomic incompatibilities can cause developmental perturbations in the resulting Fi hybrids. For example, some relatively closely related species of sunfishes (Centrarchidae) possess only slight or undetectable differences in the developmental patterns of enzyme locus expression (Philipp et al. 1979 Whitt 198 la) . However, the hybrid embryos produced by crossing these species can exhibit marked changes in the times of expression of various enzyme loci Whitt 198 la; Philipp et al. 1983) . Hybridization between species has provided a means of testing hypotheses about mechanisms that regulate gene expression (Ohno 1969; Ozaki 1975; Whiteley et al. 1975; Schafer 1978; Dickinson and Carson 1979; Etkin 1979; Dickinson 1980a Dickinson , 1980b Gupta et al. 1980; Woodland and Ballantine 1980; Whitt 198 la; Lee and Whiteley 1982; Tufaro and Brandhorst 1982; Philipp et al. 1983) . The altered developmental patterns of hybrids are ultimately due to differences in their genomes. Most of the developmental abnormalities are probably due to incompatibilities between different gene effecters and regulatory genes of the different species (Ohno 1969) . The extent of developmental success of the hybrid permits an estimate of the degree of divergence of gene regulation and the extent of reproductive isolation between species (Whitt et al. 1973; Wilson et al. 1974; Prager and Wilson 1975; Avise and Duvall 1977; Oliver 1979; Woodruff 1979; Frost 1982; Leslie and Dingle 1983; Philipp et al. 1983) .
Analyses by Hester ( 1970) and Merriner (197 1) with interspecific and intergeneric sunfish hybrids revealed that their developmental success roughly corresponded to the phylogenetic relationships of the species hybridized. Similarly, our analyses of interspecific sunfish hybrids revealed relatively normal patterns of gene expression in hybrids formed from closely related species (Champion and Whitt 1976b) , whereas the hybrids from more distantly related sunfish species often exhibit altered schedules and levels of gene expression (Whitt et al. 1972 (Whitt et al. , 1973 Whitt 198 la; Philipp et al. 1983 ). The results of extensive electrophoretic analysis of developmental schedules of gene expression in a series of reciprocal interspecific and intergeneric sunfish hybrids reveal that the amount of divergence of gene regulation was greater between more distantly related species. As the Nei genetic distance between the parental species that were hybridized increased, hatching percentages decreased, morphological abnormalities increased, and earlier developmental arrest and lethality occurred. In addition, the time of first detectable enzyme expression was progressively delayed, and an increased incidence of asynchronous allele expression was observed as a function of increasing genetic distance between the parental species.
In the present study these analyses were extended by including some new species and subspecies. Again, for each cross, the times of first detectable appearance of enzymes and allelic isozymes were determined by starch gel electrophoresis. A new dimension to the analyses was added by determining the specific activities for each enzyme throughout development. It is possible to quantify both the normal times and levels of enzyme expression and the extent to which these patterns are Downloaded from https://academic.oup.com/mbe/article-abstract/2/3/217/1008358 by guest on 16 December 2018
Gene Regulatory Divergence among Species 2 19 altered in the hybrids. In addition, by using serial dilution coupled with electrophoresis (Klebe 1975) , the proportion of activity contributed by each isozyme to the total enzyme activity was determined. The degree of association between the genetic distances separating the parental species and the extent to which the developmental patterns of gene expression were altered in the hybrids have been statistically analyzed to evaluate the relationship between species divergence times and regulatory gene evolution.
Because so many different genetic levels and kinds of molecules can be involved in producing developmental abnormalities in hybrids, terms such as "gene regulation" or "regulatory genes" have been used in their least constraining senses. In this respect, regulatory genes are those loci that affect the time, place, and levels of expression of other genes ).
Material and Methods

Preparation and Rearing of Embryos
Sexually mature fish in reproductive readiness, representing 10 different species and two subspecies within six genera of the family Centrarchidae, were collected from wild populations using electrofishing techniques. The scientific and common names of these species and subspecies as well as their abbreviations are listed in table 1. All of the adults were collected from locations in Florida, except for the northern largemouth bass, Micropterus salmoides salmoides, which was collected in central Illinois and then transported to the Florida Game and Freshwater Fish Commission Fisheries Research Laboratory at Eustis, Florida. All crosses used the Florida largemouth bass, M. s. floridanus, as the female species.
The hybrid embryos were produced artificially as described in Philipp et al. (1979) . A sample of the eggs from each female Florida largemouth bass was fertilized by sperm from a male of the same species, thus providing a control to assess the condition of the eggs and to insure that they underwent normal development. In (Nei 1978) Enneacanthus obesus (banded sunfish [BDS] 220 Parker, Philipp, and Whitt this way the developmental abnormalities of the hybrid embryos were shown to be due to the interactions between different genomes and not due to abnormal eggs. The developmental schedules of morphogenesis and enzyme ontogeny of these normal Florida largemouth bass embryos were analyzed and compared with those of the hybrid embryos.
The remaining eggs from each female were separately fertilized with sperm from one of the other 10 species. The large number of eggs obtained from each female, plus their relatively synchronous development, usually allowed a single cross to generate sufficient embryos for an entire developmental analysis.
During embryogenesis, dead or dying embryos (as indicated by opacity or cell disruption) were counted and removed. In this manner the percentages of fertilization and hatching for each cross were determined.
The morphological progress of each cross was monitored visually through a dissecting microscope. Developmental success was quantified in terms of the percentage of hatched embryos, the time of appearance and severity of anatomical abnormalities, and the time of onset of lethality. The schedules of morphogenesis for all of the species were similar to those of Lepomis cyanellus (green sunfish [Champion and Whitt 1976a] ) and M. salmoides (largemouth bass [Philipp et al. 19851 At each of these developmental periods, samples of 100 embryos were removed, divided into two equal groups, and frozen in 0.25 ml of 0.1 M Tris-HCl (pH 7.0).
Although the developmental rates were very similar for the embryos of different crosses, differences in incubation temperature resulted in slight differences in the absolute rates of development.
However, the relative time of development from one stage to another stage was the same for the different crosses. For uniform temporal comparison of embryos from different crosses, the scheduling of the developmental stages for each cross was normalized with respect to the time of initiation of jaw movement, which ranged from 150 to 154.5 h postfertilization. The normalized developmental times (ndt) for representative key stages were: epiboly = 0.07, body axis = 0.15, hatching = 0.4, jaw movement = 1.0, and swim up = 1.3.
Sample Preparation observed that the enzyme activity profiles based on assays of individual and pooled eggs were similar. However, they did observe intraspecific variance in enzyme activities, which implies an intraspecific variation in the regulation of gene expression. Despite our pooling of the embryos, which to some extent averages out the variance, we have to consider that the intraspecific regulatory variation to some extent obscures some of the interspecific regulatory variation.
Each sample of 50 embryos was thawed and homogenized. The extract was centrifuged at 23,500 g for 20 min at 4 C. After centrifugation, the decanted supernatant was recentrifuged under the same conditions. Tissue samples of white skeletal muscle, liver, and eye from each of the parents of each hybrid cross were Downloaded from https://academic.oup.com/mbe/article-abstract/2/3/217/1008358 by guest on 16 December 2018 excised and were separately homogenized in 2-4 volumes of 0.1 M Tris-HCl (pH 7.0). The tissue extracts were centrifuged at 23,500 g for 20 min at 4 C. Each resulting supernatant (embryonic samples and tissue extracts) was subjected to three kinds of analysis: (1) spectrophotometric determination of total enzyme activity; (2) spectrophotometric determination of protein concentration (Lowry et al. 195 1; Mason et al. 1973) ; and (3) starch gel electrophoresis of total extracts before and after serial dilutions of these extracts (Klebe 1975) .
Electrophoretic Analysis
Supernatant (40 11) was placed into each slot of vertical starch gels. The starch concentrations, buffer systems, temperatures, voltage, duration of electrophoresis, and histochemical staining were as described in Philipp et al. (1979) for each enzyme system (table 2) .
Spectrophotometric Analysis
Each supernatant was analyzed spectrophotometrically for each of the eight enzyme systems by monitoring the change in absorbance at 340 nm arising from . . . Each sample was assayed for enzyme activity by mixing 5-50 ~1 of sample with 1 ml of the assay solution in a cuvette. The enzyme activity is defined in International Units (IU), i.e., one unit of enzyme converts 1 pmol of substrate/min. The specific activity is calculated as IU/mg of supernatant protein.
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Isozyme Analysis
The serial dilution (to visual end point) procedure of Klebe (1975) was employed to assess the relative contribution of the activity of each isozyme to the total enzyme activity.
Comparative and Statistical Analysis
The BIOSYS program (Swofford and Selander 198 1) was used to analyze the allele frequencies of populations of each species used in the crosses. Allele frequencies for 18 loci (table 2) were used to generate several different genetic distance matrices. The Prevosti distance (Wright 1978) observed in the different sets of hybrid embryos. The regulatory disturbance at the enzyme activity level was examined by using two different measures: (1) extent of disturbances in the time of first or increased enzyme expression and (2) extent of disturbances in the specific activity profile of each enzyme over the entire developmental period. The first measure involved the determination of (a) the times of first detectable appearance of an enzyme activity as determined by histochemical visualization after electrophoresis and (b) the times of the first measurable increase over oogonic levels in the specific activity of an enzyme (isozyme) as determined by spectrophotometric methods. The first appearance of an enzyme on the gel was determined for the seven enzymes where no maternal enzyme activity was carried over from oogenesis. The first increase in specific activity was determined for the eight other enzymes in which some maternal enzyme activity from oogenesis was present in the egg and persisted throughout early embryogenesis.
The first permanent increases in activity after gastrulation were assumed to be due to embryonic gene expression. In those instances in which parental allelic isozymes were distinguishable in the hybrid, the times of each allele's expression were determined and treated as independent variables. In those instances in which the allelic isozymes were not distinguishable, for statistical purposes the paternal and maternal alleles were assumed to be expressed at the same times. Serial dilutions, carried out for each enzyme at each developmental stage and followed by electrophoresis, enabled the determination of the proportion of activity contributed by each isozyme to the total enzyme specific activity and thus enabled us to determine the time of first increase in activity of each of the isozymes.
For each enzyme locus (and each allele, where distinguishable) we determined the absolute difference in the time of first enzyme expression (or first increase) for the hybrid from that of the normal Florida largemouth bass embryos. A simple ranking of the hybrids based on the time of gene expression relative to that of the Florida largemouth bass embryos was carried out for each enzyme. Ties were given the same, smaller rank value, and in cases in which enzymes were not expressed they were given the larger value. An overall rank distance was computed by taking the square root of the sum of the squares of the rank-order values, summed over all appropriate enzymes. These values were then plotted ( fig. 15 ). The first three scales under "rankings of ontogenetic expression of enzymes" show three orderings of the hybrids based on the relative alteration of the timing of gene expression.
"Magnitude of disturbances of initial expression" is an ordering of the hybrids based on the time of$f.st appearance of enzymes in which a maternal enzyme was not carried over from oogenesis (table 8) . The "magnitude of disturbances of initial increase" is an ordering of the hybrids based on the$rst detected embryonic increase in specific activity where a maternal enzyme was carried over from oogenesis. The "magnitude of disturbances of temporal expression" is an ordering of the hybrids based on pooling the data of the preceding two categories.
The second measure of altered enzyme ontogeny in hybrid embryos involved the comparisons of the enzyme-specific activity levels at a series of different developmental stages. The differences between the enzyme activity profiles of the hybrids and that of the Florida largemouth bass embryos were used to construct the index "magnitude of disturbances of enzyme activity levels," which is the bottom linear scale of figure 15. This alteration of enzyme levels was measured in a different manner than were the previous measures of alterations of enzyme timing.
The specific activities of each enzyme were determined at each developmental Parker, Philipp, and Whitt stage for each set of hybrid embryos and the Florida largemouth bass embryos. These data generate the total enzyme activity profiles shown in figures 4-l 3. For those enzymes existing as isozymes, the proportional contribution of each isozyme to the total specific activity was determined at each developmental period by serial dilution followed by electrophoresis (Klebe 1975) . In this manner the activity profiles of each of 15 different enzymes were determined. The enzyme activities as taken from these profiles were measured for seven different developmental stages (gastrulation, somite formation, hatching, early retinal pigmentation, jaw formation, jaw movement, and swim up, which had normalized developmental times of 0.1, 0.22, 0.4, 0.65, 0.85, 1 .O, and 1.3, respectively). Each of the 15 enzyme activities was standardized to zero mean and unit variance to insure that an enzyme with an intrinsically higher activity level would not distort the contributions of other enzymes. Each of the 105 (seven developmental times, 15 loci) standardized activity variables was then used to order the hybrids relative to the Florida largemouth bass on an individual axis. Then the rank distance between each hybrid and the Florida largemouth bass was determined.
The relationship between all measured indices of the degree of altered hybrid development and Nei genetic distances between the parental species was conservatively assessed using the Kendall tau B rank-order correlation procedure. The matrix of correlation values (table 9) is the result of comparing, in all possible pairwise combinations, the indicated measures. Table 1 lists the 11 species and subspecies used as the paternal parent in laboratory hybridizations with female Florida largemouth bass, Micropterus salmoides floridanus (F) . In addition, table 1 lists the Nei genetic distances between the Florida largemouth bass and specific populations of each of the other species. The Prevosti distance (Wright 1978) was used to generate a distance Wagner tree ( fig. 1 ) for the 11 species employed in this study. For the subsequent graphical presentations, we have used abbreviations (in parentheses) that are based on the common names of the species. The relationships of the species are similar to those indicated in the taxonomic tree ( fig. 2 ) based on the morphological data of Branson and Moore (1962) . Avise and Smith (1977) The tree was compiled from data based on the acoustico-lateralis system in these fishes from work done by Branson and Moore ( 1962) . The asterisk connotes the Branson and Moore (1962) inclusion of the war-mouth sunfish (Lepomis gulosus [WM] ) in the genus Chaenobryttus. The WM has since been placed in the genus Lepomis (Bailey et al. 1970 ).
Results
Genetic Distances
on Rogers's coefficient of genetic similarity.
The overall relationships among the species included in our study are similar to those reported by these authors.
Morphological
Facets of Development Philipp et al. (1985) described in detail the normal development of Florida largemouth bass embryos. The interspecific crosses made in the current study are listed in figure 3 , along with the normalized developmental schedules of the different F, hybrids. The hybrid crosses have been placed below the normal Florida largemouth embryos in order of decreasing percentage of hatching. The percentages of hatching of the hybrids have been normalized to each of the control Florida largemouth bass crosses, for which 66%-96% hatched (% = 86%). The four intergeneric crosses involving Lepomis (RE, WM, SP, and BG) developed relatively normally, with low to moderate levels of morphological abnormalities, despite the reduced percentage of hatching. In contrast, the hybrids formed from all the other intergeneric crosses (the last five rows of fig. 1 ) all had substantial developmental abnormalities, arrested early in development, and died relatively early. The developmental schedules of the Mcropterus X Lepomis hybrids were very similar to that of the Florida largemouth bass.
Spectrophotometric Analyses and Serial Dilution
The results of our developmental analyses for four of the eight enzymes are illustrated in figures 4-l 3. These enzymes were chosen because they represent ,. (LDH) isozymes in these fishes are as described in Philipp et al. (1983) . The total LDH-specific activity profiles for hybrid embryos derived from crosses between F females and the five more distantly related species (referred to as the distant hybrids)-F X BC, F X FLR, F X MUD, F X BDS, and F X BSS-are similar to those of the control F embryos early in embryogenesis ( fig.  4) . However, as development proceeds, the LDH activity in the F embryos increases at a greater rate than that in the distant hybrids. The LDH activity present during early development in the embryos of the F X BC, F X FLR, F X BSS, and F X MUD crosses is due solely to Ldh-A expression, since only LDH-A4 isozymes are present from fertilization.
In the hybrids formed from more closely related species (referred to as the cZose hybrids)-F X N, F X BG, F X RE, F X SP, and F X WM-LDH activity profiles during the early developmental stages (0.0 to 0.4 or fertilization to hatching) are similar to the activity profile of the F embryos ( fig. 5 ). From hatching (0.4) to free swimming ( 1.3), the LDH activity profiles of these five different 'hybrid embryos become progressively more disparate, a pattern presumably arising from different rates of accumulation of enzymatically active LDH polypeptides. The differences in the slopes are consistent with different rates of enzyme synthesis, although differences in the relative contributions of catabolism may also be contributing to the differences among these profiles. When embryonic supernatants were mixed between hybrid types, the activities were additive, suggesting that differences in enzyme inhibition or activation in the different extracts were not contributing to the activity differences.
Some close hybrids eventually expressed all three LDH loci, i.e., Ldh-A, Ldh-B, and Ldh-C. During embryogenesis of the Florida largemouth bass, the isozyme encoded in Ldh-A is present throughout embryogenesis, Ldh-B is not expressed until swim up, and Ldh-C is expressed by the free-swimming stage. Table 3 contains the relative enzyme activities contributed by each of the three LDH loci of the F X F and close-hybrid embryos. The relative contribution of Ldh-A, Ldh-B, and Ldh-C gene expressions can differ greatly in the different hybrids, particularly at later developmental periods.
The LDH-A activity profiles for hybrids produced by species within each genus ( fig. 6 ) appear to cluster together, with the possible exception of the F X BG embryos, which have an LDH-A ontogenetic pattern similar to that of the Mcropterus. The expressions of the Ldh-B locus among the close hybrids differ in their initial timing and absolute activity levels ( fig. 7) . The pure F embryos first expressed LDH-B activity at swim up, whereas all the hybrid embryos showed an earlier initial Ldh- B expression, with the F X BG embryos having the earliest time of initial expression (0.4, hatching). The LDH-C isozyme activity was detected by the free-swimming stage in the F X F and F X N embryos but was not detected in the interspecific hybrids, despite the fact that some hybrid embryos appeared to have morphologically normal eye development.
Creatine Kinase
Three creatine kinase (CK) loci are expressed during embryogenesis, as described in Philipp et al. (1983) . The ontogenetic profiles of total creatine kinase activity for the distant-hybrid embryos ( fig. 8) indicate that the initial levels of CK activity are somewhat different. However, the early decrease in activity is common to all of the crosses and involves a reduction of the only isozyme present at this time, CK-C2. The F embryos undergo a sharp increase in CK activity after the initial decline, whereas the distant-hybrid embryos do not.
The early pattern for total creatine kinase activity in the close-hybrid embryos ( fig. 9 ) involves a sharp decrease in activity to a level that is similar in all of the embryos. By hatching, the total CK activity was observed to increase in all of the different close-hybrid embryos, although it did so at different rates.
The relative contributions of the three creatine kinase loci at each of five selected developmental times for both the F embryos and the close-hybrid embryos are shown in table 4. The ratio of activity contributed by the three CK isozymes differs from one class of embryos to another. Differences in the time of embryonic gene expression exist among the crosses. The Ck-A locus in the five close hybrids is expressed later (during retinal pigmentation) than it is in the normal F X F embryos (just after hatching). CK-B activity ( fig. 10) is first detected by the midretinal pigmentation stage, with the F X F, F X N, and F X SP embryos having higher rates of activity increase than do the F X WM and F X RE embryos. However, the Ck-B locus expression of F X BG embryos was not detected until late in embryogenesis (0.9 ndt, jaw formation).
Glucosephosphate Isomerase
Glucosephosphate isomerase (GPI) isozymes in centrarchids are encoded in two loci located on different chromosomes ). The tissue-specific expression is as described in Philipp et al. (1983) .
The distant-hybrid embryos expressed only GPI-A2 activity during early embryogenesis, and this activity exhibited a steady decline until death. The range of initial total GPI activities among the close-hybrid embryos ( fig. 11 ) was 13-38 X 10m2 IU/mg. After retinal pigmentation (OS-O.8 ndt), the F X F, F X N, F X SP, and F X RE embryos increased their total GPI activity until the free-swimming stage, while the GPI activity of the F X BG and F X WM embryos decreased. Because the A2 isozyme is the major source of GPI activity during embryogenesis for each set of embryos, the Gpi-A expression is similar to the total GPI ontogenetic profile.
The more abnormal embryos derived from the more distantly related parental species (data for which are not shown in table 5) possess only the GPI-A2 isozyme throughout their early development. The embryos from crosses between more closely related parental species all have either (1) complete A2 activity or (2) very high levels of A2 isozyme activity up to 0.40 ndt and then slowly increase the proportion of the B locus expression through time (table 5), albeit at different rates.
Gpi-B is first expressed in the F embryos between late hatching and initial retinal pigmentation (-0.5 ndt) ( fig. 12 and table 5 ). The hybrid embryos had times of initial expression that ranged from hatching (0.4 ndt), for the F X SP embryos, to postjaw movement (1.1 ndt), for the F X BG embryos. The Micropterus embryos-F X F and F X N-had similar GPI-B activity profiles, with the F X N embryos having consistently higher levels.
Malate Dehydrogenase
Three malate dehydrogenase (MDH) loci are expressed in the adult tissues of all of the 11 species and are described, along with the developmental patterns, in Philipp et al. (1983) . The distant-hybrid embryos expressed only M&-M and Mdh- A activity throughout early embryogenesis prior to their developmental arrest and death. Their declining activity profiles were very similar.
The F and close-hybrid embryos expressed the Mdh-B locus as well as the Mdh-A locus (table 6). The total MDH activity profiles for the embryos from the six developmentally more successful crosses are shown in figure 13. The activities of the different embryos are initially similar, but they become progressively more different as development proceeds. The difference in the activities of the hybrid embryos from that of the normal F embryos is associated with the genetic distance between the parental species used for the cross.
Adenylate Kinase
Adenylate kinase (AK) activity was present throughout embryogenesis. The profiles of ontogenetic activity were similar to those of total creatine kinase activity ( fig. 9 ). The period of early development-that is, from fertilization to hatchingexhibited a relatively steady level of activity up to the point at which the distanthybrid embryos died. The close-hybrid embryos underwent an increase in their total AK activity during retinal pigmentation (OS-o.7 ndt).
Phosphoglucomutase
One phosphoglucomutase (PGM) locus was present in each species, and it was expressed throughout embryogenesis in embryos from all of the crosses. PGM activity was also maintained at a constant level early in development. At a later period of embryogenesis, the PGM activity increased at different rates for the different close hybrids, to display an overall pattern of change similar to that seen for total LDH activity ( fig. 5 ). In the hybrid embryos produced with BG or BC (both of which had different alleles than the F embryos), the paternal alleles were not expressed until 0.37 (F X BG) and 0.25 (F X BC) F X BG, F X WM, F X SP, and F X RE, were 0.32, 0.32, 0.68, 0.25, 0.52, and 0.20, respectively.
6-Phosphogluconate Dehydrogenase
A single 6-phosphogluconate dehydrogenase (6-PGDH) locus was expressed throughout embryogenesis in all of the 11 crosses. The embryos from Micropterus crosses, both intrasubspecific and hybrid, underwent a steady activity increase after hatching. The F X N embryos exhibited a decline in activity later in development, after retinal pigmentation. The other hybrids maintained a constant level of activity. The redear was the only species that had a different allele from that in the Florida largemouth bass, its paternal expression being first detected at 0.37 ndt in the F X RE hybrid embryos. Table 7 lists the 11 species crossed, ordered on the vertical axis according to the genetic distance from the Florida largemouth bass. Each of the eight loci encoding enzymes that were present throughout development due to carryover of maternal enzyme activity from oogenesis are listed along the top. Degree-hours are used to represent the developmental time for the initial increase in enzyme activity and are calculated by multiplying hours postfertilization by the temperature ("C) of the water at the time of sampling. The water temperatures from fertilization to the free-swimming stage ranged from 2 1 C to 24 C. The time of increase was determined from the activity profiles for each locus. For those hybrids in which parental allelic isozymes were distinguishable, the time of first appearance of the paternal isozyme was used as the time of increase of enzyme activity.
Temporal Patterns of Gene Expression
Since enzymes encoded in seven of the loci were not present in the eggs as maternally derived enzyme from oogenesis, the times of the first embryonic gene expression were readily determinable (table 8). The time of first enzyme expression in the hybrids was often delayed relative to the time of their first expression in the normal F embryos (table 8) . In general, the more distantly related the parental species were, the more delayed was gene expression. From these and earlier studies Whitt 198 la; Philipp et al. 1983) in which the different parental allelic isozymes could be distinguished, it was discovered that both alleles in the hybrid were often retarded in the time of their expression. However, in most hybrids the paternal allele was more delayed in its expression than was the maternal allele. Kendall tau B correlation coefficient procedures were used to determine the degree of association between the extent of developmental success of hybrids and the genetic distance between the parental species used to form the hybrids. Of the seven different variables listed in table 9, only the percentage of fertilization showed no evidence of correlation. The remaining six variables correlated significantly with each other. 
Discussion
Hybrid Development
The diminished developmental success observed in hybrids probably arises from faulty interactions either between the genomes of the different species or between nuclear and cytoplasmic components of the gene regulatory machinery of each species. There is currently little information available on the molecular basis of the differences between genomes of the centrarchid species. The relatively constant karyotype (Roberts 1964) tends to exclude massive rearrangements of chromosomes but would not exclude point mutations, transpositional differences, or sequence rearrangements (see, e.g., Kidwell 1983; Rose and Doolittle 1983) .
In many cases, the between-species divergence in genes controlling developmental processes manifests itself in the hybrid embryos as the failure to develop successfully (Wilson et al. 1974; Elinson 198 1; Harrison 1983 ). In the series of centrarchid hybrids produced in the present study, their "developmental phenotypes" range from successful and normal to very early developmental arrest and death. These observations suggest the existence of different levels and severities of developmental regulatory mismatching between the different genomes.
Centrarchid Hybridization
Our previous study 1970) to investigate the degree of alteration of developmental success and schedules of gene expression in hybrids formed from crossing increasingly more genetically distant species. The previous study ) used northern populations of all species. However, in the present, more quantitative, study we took advantage of the earlier and more prolonged spawning season of Florida fishes and produced the hybrids using Florida populations. The one exception was the northern largemouth bass. For each centrarchid species, the southern (Florida) and the northern populations may represent different subspecies (Remington 1968) . Differing environments plus geographic separation during various times of the Pleistocene (Cooke 1945; MacNeil 1950) led to the divergence between northern and southern populations.
As a result of this difference in geography and environment, different selective and stochastic forces have undoubtedly been acting on the centrarchid populations in the two areas.
Genetic Distance
A marked difference between the genetic distances determined in the present study and those determined in the previous study , the latter of which used northern populations of centrarchid species exclusively, is shown for the BG (Lepomis macrochirus) and the WM (L. gulosus). This difference between the two studies probably arises from substantial genetic divergence between the northern subspecies and the Florida subspecies of the largemouth bass (Philipp et al. 198 1) as well as from possible differences between northern and Florida populations of BG and WM. The differences in both structural genes and gene regulatory components between the subspecies of A4. salmoides suggest that divergence of gene regulation is occurring between some centrarchid subspecies.
Morphological Development
The developmental success of the different hybrids, based on the severity and extent of morphological abnormalities, was related to the taxonomic (genetic) distance between the parental species. There was a threshold genetic distance, approximately 0.650, at which the divergence in developmental regulation apparently became too great for survival of the Micropterus hybrid embryos (fig. 3) . The F X BC hybrids, with genetic distance between the two parental species being 0.638, would be expected to survive. Instead, the F X BC hybrid embryos exhibited severe morphological abnormalities and a very low (1%) level of hatching. In contrast, the F X RE hybrids had 9 1% hatching, although the genetic distance between the two parental species .was 0.648. These departures from the expected may be due to a faster (or slower) rate of gene regulatory divergence in these lineages or to a faster (or slower)-than-expected rate of divergence of structural genes used to estimate genetic distance. Alternatively, sampling errors for loci encoding either kind of trait could be responsible for this discrepancy.
The more successful hybrids, formed by crosses between more closely related species, survived to the active, free-swimming stage; however, the intergeneric Micropterus/Lepomis crosses produced embryos that did exhibit some morphological abnormalities. The majority of obvious abnormalities of morphological development involved the eyes, an observation suggesting that the perturbation in the hybrid developmental program occurred after gastrulation but before or at the determination of those lines of cells that contribute to eye development.
Molecular Ontogeny
At a molecular level, the schedules and levels of gene expression in the hybrids agreed with the general results of previous studies ; Philipp et al. (defined in table 2 ). The fourth scale indicates the Euclidean distances between each of the 10 hybrid embryos and the Florida largemouth bass embryos based on the combining of the data for all 15 enzyme loci. The fifth scale indicates the Euclidean distances between each of the 10 hybrid embryos and the Florida largemouth bass embryos based on the enzyme-specific activity levels throughout development for each of the aforementioned 15 loci at seven different developmental stages-gastrulation, somite formation, hatching, early retinal pigmentation, jaw formation, jaw movement, and swim up. The species' symbols and crosses are those listed in table 1.
1983). As the genetic distance between the parental species increased, the delays in gene expression became greater in the hybrids. Retardation of the time of first appearance of an enzyme is postulated to be due to slight incompatibilities between effector molecules and gene regulatory sites of the different species. Progressively greater delays or even complete inhibition of gene expression is probably the consequence of greater differences at any specific gene as well as of greater numbers of genes being affected.
As illustrated in tables 3-6, the regulatory incompatibilities observed in any given hybrid sometimes manifest themselves differently at different loci. Furthermore, the kinds of anomalies can vary from one type of hybrid to another. For example, the more distant hybrids generally fail to express the tissue-specific isozymes. However, the more successful hybrids tend to show expression of the loci, but at altered developmental times and at different levels of activity. In some cases, the alterations of the relative timings of enzyme locus expression in a given hybrid are independent of the alterations of the times of expression of other enzyme loci. In some hybrids the timing of enzyme expression of a locus can be uncoupled from the time of morphogenesis of the tissue in which this enzyme is normally predominantly expressed. This breakdown in the coordination of gene expression in hybrids suggests that the genetic regulatory incompatibilities are exerting different effects at different genes and at different levels of gene expression. However, in the hybrids formed from the most genetically divergent species, a general disruption of molecular ontogeny is accompanied by severe morphological abnormalities brought about by massive gene regulatory incompatibility affecting many classes of genes. Depending on the species used to form the hybrid, incompatibilities can result in a range of phenotypic effects involving molecular ontogeny as well as morphology. This includes, in some instances, coordinate effects and, in other instances, independent effects, as shown by a change in the timing of enzyme expression relative to a specific morphogenetic event.
By analogy with the accumulation of mutations at structural genes, one would expect the probability of detecting an alteration of the ontogeny in the developing hybrid to increase with increasing divergence time between the parental species. Many developmental phenotypes are under multigenic control, and the means by which phenotypic changes are altered may involve the accumulation of small mutational effects that, because of their interactions, result in a gradual change in the developmental phenotypes. Alternatively, a series of such mutational events might exhibit no phenotypic effect until some threshold was reached. At that point, a dramatic developmental change might be brought about. In addition, the effect of a mutation at a regulatory site can range from trivial to catastrophic, depending on the gene product being regulated, the time that gene product is first expressed in development, and how crucial that gene product is in determination and differentiation. Therefore, although inferences about the degree of regulatory divergence among species can be made, it is premature to speculate about the exact number and impact of the mutational events responsible for this divergence. Loci that were not expressed early in development, i.e., the enzymes that were not provided by the maternal parent either as protein or as RNA, provide the most unambiguous data (Hitzeroth et al. 1968; Ohno 1969; Whitt et al. 1972 Whitt et al. , 1973 Wright et al. 1975; Champion and Whitt 1976b; Philipp et al. 1983 ). In those hybrids in which the allelic isozymes of both species could be distinguished, the paternal allele was usually more retarded in its expression than was the maternal allele. This allelic asynchrony, seen also for other fish hybrids (Whitt 198 1 a; Frankel 1983) , supports the concept that the regulatory sites of the paternal genome are not interacting efficiently with the maternal gene regulatory molecules carried over from oogenesis or synthesized by the maternal genome during embryogenesis (Ohno 1969) .
Alterations in the levels of enzyme activity throughout hybrid embryogenesis provide an additional assessment of the amount of divergence in gene regulation between species. Admittedly, the levels of activity throughout development and the timing of initial expression of an enzyme are not completely independent.
Nevertheless, the ontogenetic profiles of activities for a number of enzymes have very different slopes, thus indicating that after the times of initial enzyme appearance (whether identical or different for the different hybrids), the rates of increase in activity (presumably representing increased synthesis) are very different among the 11 classes of embryos. Conversely, in some hybrids in which maternal and paternal alleles were initially expressed at different times, the slopes of the increase in activity for both allelic isozymes were similar or identical. The implication of this latter observation is that the alteration in the expression of these genes in the hybrid embryos was due to a change in the time of initiation of enzyme activity, a change that did not affect the subsequent rates of synthesis of the allelic isozymes.
Regulatory Evolution
The differences in the developmental patterns of gene expression (regulation) in the Fi hybrids certainly arise, ultimately, from differences in the structures and functions of the genomes of the different species and most likely from incompatibilities between gene regulatory elements. Therefore, we now have a means of estimating the amount of regulatory divergence between species and then constructing a "regulatory distance" that can be compared with "genetic distance" based on structural gene differences between these same species. The relationship between such "regulatory distances" and more conventional "genetic distances" will help determine whether the evolution of gene regulation has had different opportunities and different constraints than the evolution of protein coding sequences of structural genes. perturbed in the F, hybrid, these regulatory "markers" provide a useful model system for investigating the rates and modes of regulatory evolution that will provide a clearer view both of some of the mechanisms involved in reproductive isolation and of the means by which species integrity is able to be maintained. Genetic distance measurements provide a good estimate of relative species divergence times based on the assumption that, given enough time, structural loci accept mutations in an approximately clocklike fashion. Our Nei genetic distance values, D, are significantly correlated with the magnitude of alterations in developmental timing, the magnitude of disturbances in enzyme ontogeny, and the hatching percentage (table 9). The first two measures assess relative regulatory disturbance between the Florida largemouth bass and the 10 other species at the level of enzyme expression, while the hatching percentage is a measure of regulatory disturbances at more complex levels. The percentage of eggs fertilized was always high, regardless of the species contributing the sperm. The fact that neither the regulatory distance nor the genetic distance is correlated significantly with fertilization percentage suggests that reproductive isolation is not being achieved at the level of the sperm/ egg interaction.
The magnitudes of disturbance of enzyme levels throughout development are significantly correlated with both hatching percentages and alterations in developmental timing of enzyme locus expression. These last correlations underline the fact that regulatory incompatibilities are manifested at many levels and that some are probably pleiotropic in their effects. The significant correlations with the genetic distances imply that the accumulation of mutations effecting gene regulation is reasonably time dependent in most of the centrarchid lineages studied. However, without knowing the magnitude of impact of any given regulatory gene mutant, it is impossible to know the number of mutational events required to produce a given level of gene regulatory divergence. Nevertheless, over reasonable periods of evolutionary time, an approximate "regulatory clock" may be operating in the same sense as the "molecular clock." However, as divergence times increase, the differentiability of mutational differences between species appears to reach a "saturation point." This applies to both genetic distance and "regulatory distance." In the latter case, this point is reached when the gene regulatory divergence between species becomes too great for the embryos to survive beyond gastrulation. As developmental arrest and death occur progressively earlier in the hybrid, it becomes progressively more difficult to estimate the extent of gene regulatory divergence.
Temporal Dependence of Gene Regulatory Divergence
Although, in general, a good correlation between the extent of gene regulatory divergence in hybrids and the genetic distance between the parental species used in the crosses has been observed, some unexpected results raise some interesting questions. For example, the genetic distance of the RE (L. microlophus) from the Florida largemouth bass is the greatest for any of the Lepomis species ( fig. 14) , yet the F X RE hybrid embryos exhibit a developmental success, at the level of hatching percentage, much greater than that of the other intergeneric hybrids.
It would seem either that the measure of genetic distance between the redear and the Florida largemouth bass is not an accurate reflection of the divergence time between these species, that gene regulatory evolution has been parallel or convergent in these two species, or that the rate of regulatory evolution of one species has been Downloaded from https://academic.oup.com/mbe/article-abstract/2/3/217/1008358 by guest on 16 December 2018 246 Parker, Philipp, and Whitt relatively slower when compared to those of other lineages. In any event, if this result is not due to some sampling error, it is necessary to seriously consider the hypothesis that an uncoupling of the rates of evolution of the structural genes from the rates of evolution of the regulatory genes has occurred in at least one lineage (Leslie and Dingle 1983; Philipp et al. 1983 ). We have not been able to exclude the possibility of a faster rate of structural gene divergence (for the enzyme loci studied) in the redear sunfish, thus leading to an erroneous estimate of a longer divergence time. The observation that those relationships between the redear and the other sunfish species that are based on morphological characters are similar to the relationships revealed by genetic distances does provide some confidence about the phylogenetic status of the redear. It is interesting to note that, although the hatching success of the F X RE is higher than expected, the timing and levels of enzyme locus expression for this hybrid are similar to those of the other Lepomis hybrids.
Fairly simple premating isolating mechanisms (behavior, color patterns, etc.) appear to have arisen rapidly among closely related sunfish species (Childers 1967) . These premating mechanisms appear to have been effective in nature, apparently so successful that a decreased emphasis was placed on evolving postmating reproductive isolating mechanisms.
The general time-dependent divergence of regulation that we see among sunfish species incapable of forming fertile F, hybrids is probably the consequence of independent changes occurring in each species. The relative effectiveness and rapidity of premating reproductive isolation in the centrarchids, as well as the incompleteness of postmating isolation among some species, considered along with our results showing a gradual rate of divergence of developmental regulation, strongly suggest that premating and postmating reproductive isolating mechanisms may be evolving at different rates (at least in this family of fishes). This interpretation can be considered in the context of Nei et al.'s (1983) mathematical model of speciation. The rapid evolution of premating mechanisms of reproductive isolation in centrarchids is in agreement with the one-or' two-locus model of premating isolation that they have proposed. Our observation of a more gradual evolution of postmating reproductive isolation would appear to require mutational acceptances at larger numbers of loci than the one or two employed in this specific model. However, our observations and interpretations are certainly compatible with Nei et al.'s (1983) statement that "if the effects of incompatibility genes are small, complete reproductive isolation would not be attained quickly because . . . many gene substitutions are required before completing the isolation." Our observations (except in one or two species) of gradual, incremental changes in gene regulatory divergence argue that many loci have accepted mutational differences, each with a relatively low impact. If fewer mutations occurring at fewer loci routinely exerted higher developmental impacts, we would expect to see much less time-dependent and much less predictable patterns of gene regulatory divergence than those seen in this study and those reported previously in Philipp et al. (1983) .
